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This thesis goal was to demonstrate that indirect 3d printing of zeolite monoliths provides higher 
flexibility and freedom as a fabrication method, compared to conventional extrusion procedures. 
After considering application constrains and needs, sacrificial templates were designed through a 
Computer Aided Design (CAD) software enabling the precise control of channel’s shape and 
size. The monoliths, that are the exact negative replicas of the templates, are then evaluated in 
terms of hydraulic behavior and generated pressure drop through a Computational Fluid 
Dynamic (CFD) study. After selection of the most efficient design, polymer molds were 
fabricated by a Digital Light Processing (DLP) printer and were filled with a paste consisting of 
ZSM 5 zeolite powder and sodium silicate that acts as a binder. A multistep drying process 
followed by sintering was carried out to burn out the polymer templates and remove the binder. 
The dimensional accuracy of the final parts was examined using a DinoLite digital optical 
microscope. Finally the mechanical properties of the produced material were investigated by 
preparing specimens and performing 3-point bending and microhardness test. The results 
indicate a potential usage of indirect 3d printing for catalysis procedures. 
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Three-dimensional (3D) printing also referred as additive manufacturing (AM) is a technique for 
fabricating structures by successive deposition of layers on top of each other. This technology 
has experienced tremendous growth and has earned substantial academic and industry attention 
as it has been applied to produce functional structures in many fields such as biomechanical, 
aerospace, automotive, and medicine (1). Due to the rapid spread of a variety of technologies 
related with AM materials a great deal of methods has been developed that the American Society 
for Testing and Materials (ASTM) International has classified into seven categories: material 
extrusion, powder bed fusion, vat photopolymerization, material jetting, binder jetting, sheet 
lamination, and directed energy deposition. The breadth of materials that can be printed has 
extended significantly throughout the last decade, currently containing polymers, ceramics, 
metals as well as carbon-based materials and composites (2). 
 
Recently, due to the energy and climate crisis, there has been a wide interest in applying additive 
manufacturing technologies to heterogenous catalysis. The mixture of these areas presents great 
prospects but also come with challenges. Catalysts are typically metal or metal oxide structures 
of high complexity at nano/micro/meso and macro scale. These functional structures are usually 
prepared with complex, multi-step synthesis routes. AM enables the production of higher 
complexity structures in a more effective, flexible, and short way. Moreover stoichiometry 
control can be achieved with computationally optimized geometries to overcome issues 
associated with mass and heat transfer limitations (3) (4). These sorts of geometries can exhibit 
flow circuitry intended to adjust particular reaction times and thermodynamics by enabling 
extremely exothermic reactions.  However, there are still several challenges related to the 
application of 3D printing for catalyst preparation. Most issues are associated with the suitability 
of the raw materials for 3D printing and their compatibility with the conditions typically 
employed in chemical processes (high temperature and pressure), While, when compared to 
subtractive manufacturing of catalysts, AM exhibits poor surface quality accuracy and short 
material availability (5). In addition there are issues related to post treatment treating and 
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shrinkage effects while more research is also required to identify the variations in mechanical 
and chemical properties of 3d printed materials compared to conventional made materials. 
 
A catalytic process that can heavily benefit from the advantages of additive manufacturing is the 
conversion of CO2 to fuels, including formic acid, carbonates, methane, methanol (MeOH), and 
dimethyl ether (DME).Reviews have been recently published on the current state of catalytic 
processes for CO2 conversion (6) (7).  
 
 
Figure 1: Reactor usage for conversion of CO2 and H2 to CH4O. (8) 
 
To investigate the efficiency of the several different catalysts and conditions tubular reactors are 
employed. These devices are extensively used due to their flexibility and are like vessels that 
flow passes through usually at steady state. Temperature pressure density and fluid volume 
conditions can be thoroughly monitored (9). The conversion of carbon dioxide and hydrogen to 
methanol has been heavily investigated using these types of reactors (10) where the reactants 
enter a tube in the phase of gas and products exit as liquids (figure 1). 
 
Traditionally, in tubular reactors catalyst pellets have been used with optimized shape to monitor 
the pressure drop and catalytic activity of the process (Figure 2a). As the pellet size increases so 
does the catalytic activity due to the increased surface area but pressure drop increases. However, 
monoliths (Figure 2b) have many benefits over pellets such as higher mechanical strength, more 
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even flow distribution, improved heat transfer, lower pressure drop, and improved mass transfer 
performance (11). The disadvantages are mainly associated with fabrication restrictions and costs 
as well as inhomogeneity and misdistribution. 
 
 
                                         (a)                                                              (b) 
Figure 2: Microreactor filled with: (a) pellets, (b) monolith. 
 
This thesis goal was to demonstrate the benefits of implementing the indirect 3d printing 
technique in the preparation of zeolite monoliths. By overcoming limitations of traditional 
fabrication procedures centered on extrusion and by giving higher autonomy in the design of 
monolith, this fabrication method can result in lower pressure drops and higher mechanical 
properties monoliths. In chapter 1 ceramic’s material mechanical behavior and properties are 
discussed while chapter 2 presents the current state of additive manufacturing in the fabrication 
of ceramics and ceramic catalysts. In chapter 3 the tools and methods that were followed are 
explained and finally chapter 4 presents the results concerning the hydraulic behavior and 




1 Advanced ceramics mechanical properties  
 
1.1 Brittle behavior of ceramics 
 
Ceramics tend to break before plastic deformation can arise in response to an applied load. The 
fracture starts with the creation and spread of cracks in a path perpendicular to the applied force. 
The path of the growing crack can be either through the grains (transgranular) alongside specific 
crystallographic planes that have high atomic density or along grain boundaries (intergranular). 
The measured fracture strength of the ceramics is substantially lower than the one predicted by 
theory of interatomic bonds. This is due to the very small and omnipresent flaws that concentrate 
stress and no effects such as plastic deformation occurs to slow down or redirect the creation of 
cracks. These points may be present at the surface of the structure or internal pores gran corners 
and inclusions that are impossible to avoid. Even moisture and contaminants can create surface 
racks in fresh produced ceramics thus affecting its strength. Those flaws are usually the starting 
points of cracks that will later propagate until finally lead to failure.  
 
A significant variation and spread in the fracture strength have been observed for many 
specimens of brittle ceramic materials. This observation can be explicated by the probability of 
flaw existence that is capable of initiation a crack. This deviation from specimen to specimen of 
the same material highly depend on the production technique and applied heat and surface 
treatments. Size and volume of the sample also affect the fracture strength since bigger 
specimens have increased probability of flaw existence. However, when it comes to compressive 
stresses there is on stress enlargement related with internal or external faults. For this 
justification ceramics show higher strength in compression than tension and therefore it is 
preferred to be used on compressive load conditions. The fracture strength may be improved 







1.2 Flexural Strength of ceramics 
 
There are 3 reasons that the stress strain behavior of brittle ceramics cannot be identified by 
tensile tests as metals and plastics are. First, it is difficult to grasp the sides of brittle materials 
without causing any damage that would affect their strength. Second, it is highly difficult to 
achieve the required geometry. Third, ceramics fail after only 0.1% strain, which dictates that the 
samples should be completely aligned to avoid existence of bending stresses that are not 
effortlessly calculated. Consequently a more appropriate bending test is often used in which a 
rod with either circular or rectangular cross section is bent until fracture by applying load in 3 or 
4 points. Figure 3 presents a specimen subjected to 3-point bending. The top surface of the 
specimen is placed in a state of compression whereas the bottom surface is in tension. Stress is 
calculated from the bending moment, the specimen thickness and the moment of inertia. The 
maximum tensile stress exists at the bottom of the specimen surface below the point of load 
application. The compression strength is almost 10 times bigger in ceramics for reasons already 
mentioned and therefore fracture always occurs in the tension area. The flexure test is a 
reasonable substitute for the tensile test in ceramics. 
 
 
Figure 3: Ceramic specimen subjected to 3 point bending test.  
 
The stress at fracture using this flexure test is known as the flexural strength, modulus of rupture, 
fracture strength, or bend strength, an important mechanical parameter for brittle ceramics and is 
calculated by the following equation: 
6 
 






M = bending moment 
I = moment of inertia  
c= distance from center to outer  
 
For a rectangular cross section: 𝑀 =
𝐹𝐿
4
 , 𝑐 =
𝑑
2






F= fracture load  
L= support distance  
 







Table 1 presents characteristic flexural strength and modulus of elasticity values for several 




Table 1: Flexural strength and modulus of Elasticity of ceramics. (12) 
 
 
1.3 Hardness of ceramics 
 
Hardness measurements are hard to perform to brittle ceramics materials since they are highly 
vulnerable to cracking when indenters are forced into their sides which eventually leads to crack 
formation and incorrect readings. Spherical indenters are not preferred because they are more 
likely to produce cracks. Vickers and Knoop techniques are the most suitable since they use 
pyramidal shaped intenders. Vickers is the most widely used for measuring hardness of ceramics 
however Knoop is often preferred for very brittle cases. For both methods increasing load or 
indentation size, decreases hardness but eventually achieves a steady plateau that is unbiased of 
load. This plateau varies for each ceramic material. Ideal hardness tests are designed to use a 
suitably sizeable load that sits close to this plateau, yet it does not create cracking. A listing of 
various ceramic materials hardness values according to Vickers and Knoop methods is included 











2 Advanced Ceramics Additive Manufacturing 
 
2.1 Direct Additive Manufacturing for ceramics 
3D Printing of ceramics has recently received extensive research and is recognized as the latest 
trend. Fabrication components of complex shapes and ceramic material has been extremely 
challenging without additive manufacturing. The establishment of 3D printing into the 
fabrication of ceramic components presents completely new opportunities.  
 
To date, the advancements in computer and material science lead to the development of a various 
3D printing technologies regarding ceramic materials. Corresponding to the form of the pre-
treated feedstock earlier to printing, these technologies can largely be categorized into slurry-
based, powder-based and bulk solid-based methods, as summarized in Table 3. The most 
promising methods as well as those that can be easily implemented with the use of conventional 
polymer printers for keeping a low cost will be further investigated. (13) (14). 
 







Vat photopolymerization is a lithography-based process, defined by ISO/ASTM standard 
52900:2015(E) as “an additive manufacturing process in which a liquid photopolymer in a vat is 
selectively cured by light-activated polymerization”. During this process fine ceramic powders 
are scattered into liquid polymer made of acrylate or epoxy monomers. A UV curable slurry is 
produced followed by several thermal treatments to burnout the binder, remove the polymer 
matrix and sinter the final part. Several technologies have been developed that utilize the above 
process with Stereolithography (SLA) and Digital Light Processing (DLP) dominating the 
market.  
 
In SLA, selective curing of the liquid photocurable resin suspension is induced by a UV laser 
that is steered using a scanning galvanometer mirror positioning system to scan selectively the 
resin surface at the locations specified by the .STL file. In DLP several micromirrors produce a 
image that is projected onto the photopolymer exterior. DLP is a lot faster than SLA since an 
entire layer of the polymer is cured at once while SLA photopolymerization happens solely at 
one point.  
 
The main advantage of the specific methods is their manufacturing level readiness since light 
activated polymerization is one of the most established methods in AM. However their biggest 
drawback is the limitations in terms of the greatest thickness that can be achieved without the 




Figure 4: Sintered alumina parts made with DLP technology. (13) 
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2.1.2 Direct Ink Writing 
 
In Direct Ink Writing (DIW) which is often called robocasting, a ceramic paste with a high 
viscosity is squeezed out through a nozzle and instantly hardens. A suitable dispersant is vital to 
the construction of a homogenous paste mostly acting by electrostatic repulsion. Other additives 
such as plasticizers, thickeners and viscosifiers are used to improve the suspension stability and 
rheological properties. 
 
 A cheaper and master manufacturing process can be achieved with this technology compared to 
photocuring procedures. Shape retention is obtained due to the semi liquid paste with a high 
loading and viscoelastic properties, enabling the fabrication of freestanding structures with no 
need of supports and with a high aspect ratio wall. Solid monolithic parts, complex porous 
scaffolds, small sized electronics woodpile lattice structures, filters as well as catalyst carriers are 
some of the parts that can be created utilizing DIW. 
 
A great number of advantages comes with DIW such as lower surface roughness, enhanced 
geometric precision, higher resolution, improved shape memory. However there are still some 
issues concerning the mechanical properties that are usually highly anisotropic and depend on 
the printing alignment approach. (13) (14) 
 
 





2.1.3 Selective Laser Sintering 
 
In Powder based indirect selective laser sintering (SLS), a low melting point polymer or an 
inorganic binder are mixed with a ceramic powder (45-90 μm). Local sintering is performed 
through heat applied by a laser beam. The binder ensures a layer-by-layer creation of a green 
body by providing a solid matrix for the ceramic powder. This method is typically conducted on 
a typical SLS device that were originally designed for polymer powders. The green component is 
then put into a furnace for heat treatment. If a polymeric binder is utilized the green part is fired 
in an oxidizing environment to remove the polymer and then is placed into a furnace for 
sintering.  
 
Low melting point inorganic binders can also be utilized. However, they cannot be separated 
with heat treatment, so they are transformed into either an oxide ceramic or a crystalline salt 
producing a composite or a single-phase advanced body where the low strength ceramic offers a 
matrix for the advanced ceramic. Finally, there have been successful attempts to suspend fine 
ceramic powders in a liquid carrier to create a colloidal suspension. This method enables the 
usage of submicron powders which can result in increased sintered densities. (13) (14) (15) (16). 
 
 




2.2 Direct Additive Manufacturing for catalysts 
 
The most promising results in 3d printing of catalysts have been produced by Robocasting also 
known as Direct Ink Writing (DIW). A ceramic paste with a high viscosity is extruded through a 
nozzle and instantly solidifies. A suitable dispersant is essential to the formulation of a 
homogenous paste mostly acting by electrostatic repulsion. Other additives such as plasticizers, 
thickeners and viscosifiers are used to improve the suspension stability and rheological 
properties. A research team used a robocasting 3d printer to squeeze out zeolite catalysts based 
on ZSM-5 HZSM-5, HY enhanced with a variety of metal oxides and evaluated their 
performance with a methanol to olefins (MTO) process. (17). 
 
Vat polymerization has also been utilized for the development of polymeric monoliths that were 
obtained with the use of light sensitive liquid resin combined with carbon or silica. A dip coating 
technique was used for the deposition of CuO/CeO2 phase. The monoliths displayed great 
catalytic activity, steadiness, and reusability (18). In another approach a research team designed 
and fabricated a catalyst by SLS. The composition consisted of a catalyst carrier as a static mixer 




2.3 Indirect Additive Manufacturing for ceramics 
 
Several studies have been reported that suggest 3d printing techniques as methods to produce 
molds. Polymeric matrices are built using FDM, SLA, DLP that are meant to be used as 
sacrificial templates. These structures are filled with ceramic slurries and during the following 
sintering procedures are burnt away to leave the desired material in place. In this way, high 
accuracy molds and templates can be produced taking advantage of freedom and shape 
opportunities while constraints in terms of uniformity and microstructure control can be avoided. 
Finally, the rheological properties of the slurry are much less rigid compared to direct AM 
methods. 
 
Haihua Wu et al (20) reported a technique for producing aluminum based ceramic cores for gas 
turbine blades by utilizing SLA technique to produce an integral sacrificial resin mold. Gel 
casting was then used to fill these molds with an aqueous ceramic slurry that was polymerized to 
form a wet ceramic green component. A combination of freeze drying, and a novel sintering 
process was used to minimize the drying and sintering shrinkage of the ceramic part. In a similar 
procedure Kai Cai et al (21) fabricated complex shaped alumina ceramic parts successfully. 
Their study focusses on the importance of colloidal chemistry and rheological property of the 
used paste.  The combination of ceramic gel casting and AM molds has also been proposed by A. 
Woesza,b,T (22) in a study concerning bone replacement materials from calcium phosphates. 
 
 
                        (a)                            (b)                                  (c) 
Figure 7:  (a) CAD model, (b) the resin mold fabricated by SL (c) final part. (20) 
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2.4 Indirect Additive Manufacturing for catalysts 
 
Methods for the fabrication of foam catalysts have also been suggested (23). Stereolithography 
was selected as AM technology to produce sacrificial templates with a specified and exact shape, 
which resembles the negative of the geometry desired in the foam model. An aqueous sodium 
silicate solution has been used as alkali activator for the consolidation process of the starting 
diatomite. Finally, two different methods of direct foaming have been coupled, one based on a 
mechanical foaming and the other one based on chemical reactions with gas. 
 
 
Figure 8: Templates infused with diatomite-based slurry. (23) 
 
The application of DLP template building and casting for the fabrication of catalysts monoliths 
have been widely explored (24) (25) (26) (27).Their procedure involves 3d printing templates  
with a polymer material on a DLP printer. The models were stuffed with a paste of alumina 
(Al2O3) and sodium silicate solution. with a ratio of 2/1 and left to dry for a day at room 
temperature, and then for another 24h at 60 °C. Finally, the material was calcinated t at 850 °C 
for 8 h (24). Different drying and sintering conditions were also explored by drying for 48 h at 
room temperature and 4 h at 120 °C (24). As a result, ceramic monoliths with no porous were 
fabricated while in another publication some they were also coated with one or more active 
catalytic components by impregnation (24) (25). Finally, MFI zeolite layers deposition was 





Figure 9: Monoliths produced by indirect 3d printing method. (24) 
 
Another research team focused on catalyst fabrication with asymmetric channel that reached 
greater conversion and reaction rates. The templates were filled with cordierite paste, thermally 
processed, and wrapped with Al2O3. Finally, CuO/CeO2 was loaded on these structures. (3) 
 
 
Figure 10: Asymmetric monolith design [3]. 
 
In a similar approach Yunhua Li, et al  (4) utilize the ability to design catalysts with accurate 
micro-channels corresponding to the reaction mechanism. Polymer templates were printed and 
filled with a paste. The resulted monoliths that mimic the design of blood vessels and vein 
frames present higher catalytic performance related to conventional powder catalyst. Although 
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there are still limits to the direct 3D printing technology concerning ceramic lattice structures, 















3 Tools & Methods 
3.1 Application requirements  
 
The main purpose of this thesis was to design and fabricate a ceramic monolith that benefits from 
zeolite’s high catalytic behavior and would be used under real conditions scenarios to evaluate its 
efficiency and durability. The monolith’s dimensions were predetermined by its future 
application on a standard SS316 tubular reactor (Figure 12) that would be used for the 
conversion of carbon dioxide and hydrogen to methanol. For the monolith to fit in the tube its 
outer dimension should be no more than 8.4mm while a through hole of 1.6mm is required to 
nest a thermocouple component responsible for measuring its thermal behavior. The tube 
operates under heavy static pressures of 5-90 bar and high temperatures of 200-325 Celsius while 
the flow rate is adjusted based on the catalyst’s mass that is employed and the time that is 
required for the catalysis to take place.  
 
Given the above-mentioned hard conditions it is important to evaluate the mechanical properties 
of the produced monolith to ensure its structural integrity. In addition, to increase the monoliths’ 
efficiency the gas exposed surface must be maximized to provide enough room for the catalysis. 
Finally, low-pressure drop is ones of monolith’s greatest benefits compared to pellets and to 




Figure 12: Standard SS316 tubular reactor. 
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3.2 Computer Aided Design  
 
Firstly the sacrificial templates were virtually designed with a Computer Aided Design (CAD) 
software. SolidWorks was used to shape the desired structure. 
Table 4: Dimensional features. 
 
 
At this point the main dimensional features of the mold had to be identified. Table 4 presents 
those features. A parametric design was built through SolidWorks to allow fast and dynamic 
changes. A set of 1st order equations (Figure 13) were used to effectively control the parameters 
and proceed with the necessary dimensional conversion during the investigation stage.  
 
 
Figure 13: Parametric Solidworks design. 
 
Symbol Description Value
D1 inner dimeter 1.6mm
D2 outer diameter 8.4mm
t wall thickness 0.5mm
L height 10mm
D3 channel diameter 1mm
x number of channels 8
20 
 
Dimensions D1 and D2 were predetermined by the application constrains and a value of 1.6mm 
and 8.4mm were given, respectively (Figure 14a). A value of 0.5mm was chosen for the wall 
thickness of the templates (Figure 14). This value was the minimum necessary to provide 
sufficient structure support for the casting procedure while also ensure that the template would 
rapidly burn out without causing any significant instability in the final structure. 
 
 
                                 (a)                                                                        (b) 
Figure 14: Template’s dimensions (a) top view, (b) rear view. 
 
A total height of 50mm was required by the application constrains. However, the sacrificial 
templates were given a height of 10 mm and 5 of them was decided to be used in a row to 
achieve the desired height. This decision was made considering two factors. Firstly, a template of 
10mm would be more convenient to fill uniformly with paste. The other factor is that inner 
channels structures would not be printed accurately at 50mm without additional inner supports. 
Such a design (Figure 15) with a 50mm height and inner supports was also investigated by 
creating different configurations, however it was concluded that no additional structure 
complexity should be included at this phase of the investigation since it would affect the catalytic 




Figure 15: Design investigation: 50mm height with inner supports. 
 
The number of channels and channel diameter were also chosen after several experiments were 
conducted. The outcome of those experiments suggested that only 1 or 2 rows of channels can be 
included in the catalyst given the application design constrains and the printer’s accuracy. This is 
because adding more channels would reduce their in-between distance as well as the distance to 
the walls which in turn would result to inaccuracies and unintentional polymerization during the 
3d printing procedure. A variety of channels diameters were also investigated. The minimum 
printable channel diameter without the need of additional supports was 0.5mm however to 
maximize the gas exposed surface the maximum available diameter was chosen. Considering all 
the above factors, 2 different design approaches were adopted. The first design consists of only 1 
row of channels with a diameter of 1.4mm while the second one utilizes 2 rows of channels with 




                                            (a)                                             (b) 
 
                                       (c)                                            (d) 
 
Figure 16: Design investigation: (a) top view showing dimensions for 1 row of channels , (b) top view 
showing dimensions for 2 row of channels (c) rear view of 1 row of channels , (d) rear view of 2 row of 
channels. 
 
Following the completion of each design the next step was to export the CAD file as an STL 
format that would later be imported to a slicer software. The procedure included several 




3.3 Paste composition 
 
A variety of potential paste compositions were prepared and examined. A zeolite powder of 
ZSM 5 was combined with sodium silicate that acts as a binder. Higher percentage of solid 
results in more dense final products. However enough binder is also required to provide 
electrostatic repulsion for the formulation of a homogenous paste.  
 
Table 5: Paste composition experiments Series A. 
A Ceramic Powder Sodium silicate Water Total 
A/A gr % gr % gr % gr 
NA1 100 33 200 67 0 0 300 
NA2 100 30 200 60 33 10 333 
NA3 100 27 200 53 75 20 375 
NA4 100 23 200 47 130 30 430 
 
The first set of experiments (series A) was prepared with the addition of de-ionized water for 
producing a slurry with sufficient viscosity that could be casted into molds (Table 5). A mass 
ratio of 2:1 for ceramic powder and sodium silicate was kept for all samples while the percentage 
of water increased from 10 to 30%. The results indicated that the addition of solvent heavily 
decreased the percentage of solid and binding matrix, so the ceramic was unable to densify under 
sintering conditions. N1 and N2 samples are presented in Figure 17 while N3 and N4 had the 
same outcome as N2. N1 was the only sample that produced a final structure. 
 
     
                                                   (a)                                          (b) 
Figure 17: (a) NA1 sample with 33% ceramic powder and 66 % sodium silicate solution (b) NA2 sample 
with 30% ceramic powder,60%  sodium silicate and 10% water.  
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Following the above conclusions, a second paste composition investigation was conducted again 
with the purpose of increasing the liquid phase, thus providing enough viscosity to perform 
casting (Table 6). At this stage, the DinoLite microscope of DMMC Lab was used to evaluate the 
results more clearly. The NB1 NB2 and NB3 samples were presented in Figure 18 while sample 
NB4 was uncapable of producing a structure due to the luck of sufficient amount of matrix.  
 
Table 6: Paste composition experiments Series B. 
B Ceramic Powder Sodium silicate Total 
A/A gr % gr % gr 
NB1 22 10 200 90 222 
NB2 50 20 200 80 250 
NB3 85 30 200 70 285 
NB4 135 40 200 60 335 
 
From these series of experiments it became obvious that increasing the percentage of sodium 
silicate results in a less homogenous paste. A good balance of solid ceramic powder and sodium 
silicate solution seems to be achieved in sample NB3 where 30% of the total weight consists of 
solid. However, this paste composition results in the formation of granulates so the template 
filling was conducted by pressuring the paste into the mold with the help of a tool. Figure 19 
presents the paste that was used to produce sample NB4 which is almost the same as NA1. 
 
    
                      (a)                                                 (b)                                             (c) 
Figure 18: (a) NB1 sample, (b) NB2 sample, (c) NB3 sample. 




Figure 19: Granulates of 30% ceramic powder and 70% sodium silicate solution used to prepare sample 
NB3.  
 
3.4 Slicing method 
 
Before proceeding into printing the 3d templates an intermediate step is required. The STL files 
that were produced through the CAD SolidWorks software are imported into a slicer software. 
This software is responsible for the conversion of a 3D object model to specific instructions for 
the printer. In this case Chitubox free DLP slicer software was used for the purpose of 
orientating the STL file in space and adding the necessary supports (Figure 20). 
 
  




In DLP method, support structures can be considered as thin ribs whose tips slightly touch the 
part and provide solid material for the part to hang. This process deeply impacts the print quality, 
success rate and post processing work. Several orientations angles and supports were tested 
(figure 31). A combination of light and medium custom supports was placed manually whose 
properties are illustrated in Figure 21 and Figure 22. 
 
 
Figure 21: Chitubox light support custom settings. 
 
 
Figure 22: Chitubox medium support custom settings. 
 
The final design is presented in Figure 23. The templates were placed vertically for optimum 
outcome even though it results in a more time-consuming printing procedure. Rear supports were 
not required so the templates were supported only from the button with a total support height of 














3.5 Template printing procedure 
 
The sacrificial templates were printed in the Phrozen shuffle 2018 digital light processing printer 
owned by DMMC lab whose technical characteristics are given in Table 7. The achievable layer 
thickness is an indication of Z resolution while the pixel size has an great effect on the XY 
resolution. 
 
Table 7: Technical characteristics of Phrozen shuffle 2018. 
Feature Value 
Printer Size 28 * 28 * 42 cm 
Printer Weight 13 Kg 
Printing Volume 12 * 6.8 * 20 cm 
XY Resolution: 47 µm 47 µm 
Z Resolution: 10 µm 10 µm 
Printing Speed 20 mm/h 
Layer height 10-100μm 
 
Phrozen shuffle 2018 as well as a sketch of its main parts are presented in Figure 24. A build 
platform sinks into a resin tank to print the desired shape layer by layer. This result is achieved 
by a digital screen that flashes a projection of the layer across the platform and polymerizing all 




                                                  (a)                                                                 (b) 
 
Figure 24: (a) Phrozen shuffle 2018 DLP printer, (b) DLP printer main parts. 
 
Matte grey ABS provided by Phrozen was used as a resin. The resin profile parameters that were 
entered in Phrozen shuffle 2018 software are presented in Figure 26. The early layers need to 
adhere properly   to the build platform, and to do so, the gap between the tank and the platform 
must be completely cured. Also due to strong vacuum force in early layers, depending on the 
type of the resin, the cured layers need to tolerate the vacuum pressure, so first layers demand 
higher cure time than the following. Based on resin manufacturer information and to ensure the 
best printable quality a total number of 12 burn in layers with a cure time of 70 sec were 





Figure 25: Mate grey ABS like resin profile parameters. 
 
The outcome of the printing procedure is presented in Figure 26 and the total time required for 




Figure 26: Sacrificial templates printed by Phrozen DLP printer using ABS like resin : (a) final result (b) 
Chitubox support preparation. 
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The templates were then placed in an isopropyl alcohol suspension and ultrasonic processor UPS 
200S was used to apply soundwaves that assist in removing any excess unpolymerized resin 
(Figure 27). After 10 minutes with 60% amplitude and 0.5 cycle the samples were extracted.     








3.6 Drying & Sintering procedures 
 
A multistep drying process is necessary to remove the moisture of the structure before it is fired. 
Poor results can appear in many forms if drying is not performed correctly. Cracking due to 
shrinkage can be a problem, especially in parts with varying thickness. If ceramic products are 
not dried or pre-fired, the resulting shrinkage could cause problems with the product. Three 
different drying cycles were performed for each sample starting with 48h at room temperature 
followed by 4 hours at 60 Celsius and finally 4 hours at 120 Celsius. A BINDER drying and 
heating oven (Figure 28 a) was used for the final 2 drying steps provided by DMMC lab. 
 
Following the drying procedure, the moisture-free ceramic structures were placed for sintering in 
a Nabertherm furnace provided by Center of research and technology Hellas (Figure 28 b). The 
heat treatment took place for 4 hours below the melting point at 850 Celsius for the consolidation 
of the paste by diffusion of the neighbor powder particles.  
 
          
                                             (a)                                                        (b) 
Figure 28: (a) BINDER furnace used for the drying procedure. (b) Nabertherm furnace used for the 
sintering procedure. 
The resulted ceramic structure before and after calcination is presented in Figure 29. A color 
variation is visible, possibly due to the binder removal and recrystallization. The porosity of the 




    
                                         (a)                                                                (b) 
Figure 29: (a) Ceramic structure before calcination, (b) ceramic structure after calcination. 





3.7 Mechanical properties setup 
 
In order to characterize the material’s mechanical properties a Standard Test Method (ASTM) 
for Flexural Strength of Advanced Ceramics at Ambient Temperature was advised. This test 
determines the flexural strength which can be considered a substitute for the tensile test in 
ceramics and gives the ultimate strength a beam can withstand in bending. Four point and 3-point 
bending can be used. Four-point bending is usually preferred and recommended because 3-point 
bending (Figure 1) exposes only a very small portion of the specimen. However, 3-point bending 
was used due to simpler test fixtures. Table 8 presents the specimens’ selected dimensions and 
set up values based on ASTM C1161 (28) recommendations. 
 
Table 8: ASTM C1161 specimen and set up dimensions. 
Description Symbol Value Units 
Width of specimen b 9 mm 
Depth of specimen d 6 mm 
length of specimen Lth 90 mm 
Distance between rods L  80 mm 
crosshead speed s 1 mm/min 
 
The flexural specimen must have a surface condition similar to the application it is about to be 
used.In this instance no machining was used because the material will be used as sintered.  
 




Three different type of molds were prepared to be filled with the final composition. The molds 
were designed to produce specimens according to Table 8 dimensions. Two different printers 
provided by DMMC lab were utilized presented on figure X, both based on extrusion method. 
The three different molds are presented in Figure 32 while Information regarding their 
characteristics is given in Table 9. 
 
Table 9: Different mold characteristics. 
Type Method Printer Thickness Material 
a CFF Markforged MarkTwo 0.5 mm Nylon 
b FDM BCN 3D Sigma R17 3 mm PVA 
c CFF Markforged MarkTwo 3 mm Nylon - Fiberglass 
 
 
                                                (i)                                                        (ii) 
Figure 31: Printers utilized for the fabrication of molds (i) markforged 2 (ii) BCN 3D. 
 
Mold “a” (Figure 32 a) was prepared using Markforged MarkTwo printer (Figure 31 i). Only 
nylon material of 0.5 mm thickness was chosen in order to produce a mold with high flexibility. 
These molds would be later filled with the ceramic paste and left to dry for 1 day. The next step 
was to extract the specimen from the mold by hand and refill the mold with paste again. The 
main benefit of this method is that the specimen would be placed solely to the furnace for 
sintering so any deformation of the plastic mold due to thermal stresses would not undermine the 
specimen’s final dimensions. In addition the mold could be reused. However, the shrinkage 
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effect during the drying stages caused the ceramic structure to slightly bend, resulting in poor 
final dimensions before even the specimen is placed for sintering.  
 
Mold “b” (Figure 32 b) was prepared using a conventional Fused Deposition Modeling (FDM) 
printer (Figure 31 ii) with Polyvinyl acetate (PVA) material and 3 mm thickness. It was then 
filled with the desired paste and placed in furnace for sintering at 850 oC. The lower melting 
point of PVA plastic results in burning out of the mold at relatively low temperatures. However, 
the thermal stresses during the sintering procedure would cause the plastic mold to bend before 




   
   
                                        (b)                                                                     (c) 
Figure 32: Different specimen molds (a) Nylon 0.5 mm thickness, (b) PVA 3 mm thickness, (c) Nylon – 
Fiberglass 3 mm thickness. 
 
Considering the above malfunctions, a more advanced approach was adopted with the design and 
preparation of nylon – fiberglass composite molds (Figure 32 c). Continuous Fiber Fabrication 
(CFF) is a term given by Markforged for the process and material it developed. The printer uses 
two print nozzles. One nozzle works as a typical extrusion process where it lays down a plastic 
filament that forms the internal matrix and outer shell of the part. The second nozzle deposits a 
continuous strand of composite fiber of Kevlar, fiberglass, or carbon fiber on every layer. This 




Several shells were enhanced with reinforce at the walls, increasing the part’s resistance around 
the Z axis where the type-b molds tend to bend. This method results in higher strength molds that 
can withstand the thermal stresses without any obvious deformation. The base of the mold was 
reinforced every second layer for a total of 6 reinforced layers while the top of the mold was 
reinforced every 10 layers with again a total of 6 reinforced layers (Figure 33). 
 
 





The three point bending measurements were conducted at DMMC lab( Figure 34) on a material 
testing apparatus (Testometric M500-50 AT), a system with high accuracy and a precise and 
automated computer control equipped with a loadcell of 500N. 
 
           
                                      (a)                                                                   (b) 
Figure 34: (a) Testometric M500-50 AT. (b) Three point bending procedure. 
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The fragments of the used specimens for the 3-point bending were placed on a dynamic ultra-
micro-hardness machine DUH-211S equipped with a Berkovich indenter tip (Figure 35) to 
investigate the hardness behavior of the ceramic  material. The diamond indenter tip is 
pressed into the specimen until a maximum load is achieved and then it retracts. The load is 
recorded in function to the displacement of the intender. Finally, the dynamic hardness can be 
calculated from the penetration depth and indentation load data. 
 
 






4.1 CFD simulation 
 
After the completion of the monolith’s designs based on application and fabrication restrictions 
and requirements, the next step was to evaluate the hydraulic behavior. By conducting a 
computational fluid dynamics study on SolidWorks the two different designs were compared in 
terms of pressure drop. 
 
       
                                              (a)                                                       (b) 
Figure 36: Two different configurations with the final designs (a) 8 Channels of 1.4mm diameter, (b) 12 
channels of 1mm diameter. 
 
The flow was treated as internal steady state and the type was chosen as laminar and turbulent 
because Reynolds numbers in the fully developed flow did not exceed the critical value for pipes 
of 2300. Carbon dioxide and hydrogen were chosen as project fluids with a stochiometric 
volume ratio of 1:3. The walls were treated as adiabatic since no thermal effects were 
investigated in this stage. An initial temperature of 250 Celsius was chosen as a thermodynamic 
parameter. The two final designs (Figure 36) were examined under a range of situations that 
reactors are used to obtain information on a wider scale of operation conditions. Static pressures 
of 4MPa, 6MPa and 8 MPa in the outlet and volume flow rates of 200 ml/min, 400 ml/min and 
600 ml/min in the inlet were chosen resulting in 9 different scenarios for each configuration. The 
difference of static pressure between inlet and outlet was chosen as the studies’ goal to produce 





The pressure drop results for configuration A and B are presented in Figure 37 for all the 
scenarios that were examined. As expected, increasing the inlet volume flow rate and the static 
pressure under which the system operates results in higher values of pressure drop. The lowest 
pressure drop of 4.28x10^-3 KPa was for configuration A under the lightest conditions of 
200ml/min and 4 MPa while highest pressure drop of 5.89 * 10^ -2 KPa was from configuration 




Figure 37: Pressure drop of configuration A and B for several boundary conditions. 
 
Configuration A exhibited a better performance as can be also observed in Figure 38 where the 
relative pressure drop is presented. In every case scenario examined configuration A produced 
around 40% of the corresponding configuration B pressure drop.  These results can be explained 
by the higher percentage of frontal area that is open to gasses for configuration A (28%) 






Figure 38: Relative pressure drop of Configuration A and B for several boundary conditions.  
 
The induced drag force caused at the direction of the flow is presented in Figure 39 for different 
inlet volume flow rates at 4 MPa static pressure for both configurations. Design B produced 
higher forces at the monolith. This can be explained by Figure 40 a and b where the vorticity of 
the flow is presented at the monolith’s outlet for 4 MPa outlet static pressure and 200ml/ min 
Volume flow rate. The wider and greater vorticity areas for configuration B implies the existence 
of bigger vortices resulting in lower pressures at the outlet of the monolith which in turn creates 













Figure 40: Contour plot of vorticity at 2mm offset distance from monoliths outlet surface for (a) 




Finally, Figure 41 present the velocity plot for 4 MPa static pressure and 200 ml/min volume 
flow rate at the mid-section of the pipe. Information regarding the time that gasses remain inside 
the monolith can be retracted from this plot. It is observed that due to the lower channel diameter 
of configuration B, maximum velocity is higher and has a value of 0.657 m/s compared to 0.516 











4.2 Dimensional accuracy 
 
A proof-of-concept structure for configuration A that exhibited better hydraulic behavior was 
conducted to identify and overcome several procedure difficulties as well as design and 
manufacturing constrains. Figure 42 presents the final zeolite monolith that was produced in 
DMMC lab. The structure was fabricated by filling an optimized DLP made sacrificial template 
with the final paste composition of 30% zeolite and 70 % sodium silicate, followed by drying 
and sintering conditions as explained previously. The monolith retained its original dimensions 
in a relatively sufficient way since cohesion of the paste was achieved and structural integrity 




Figure 42: Zeolite monolith after drying sintering, fabricated from DLP printed templates that were filled 
with 30% Zeolite 70 % Sodium silicate paste. 
 
The specimen prepared for three point bending according to ASTM AC 1161 is presented in 
Figure 43. The shrinkage effect during the drying and sintering procedures resulted in a 







Figure 43: Three point bending specimen’s dimensions after drying & sintering procedures. 
 
Table 10 presents the original intended dimensions values compared to the ones that was finally 
achieved. The width, thickness and length of the specimen is shrieked by 6% ,13% and 8% 
respectively. However the flexural strength experiment was proceeded with those specimens and 
the calculations were adjusted to the produced scale. 
 





Feature Inteded Value (mm) Final Value (mm) Shrinkage (%)
Wildth 9 8.5 -6
Thickness 6 5.2 -13
Length 90 83 -8
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4.3 Bending results 
 
The three point bending tests were conducted on Testometric M500-50 AT at DMMC lab. The 
raw data obtained are summarized and presented in Figure 44 with a diagram of Force – 
Deflection. The crosshead speed was selected according to ASTM AC 1161 at 1mm/min. The 
maximum force was measured after 13.89 second of initial contact and had a value of 6.48 
Newton. The maximum deflection that occurred before specimen failure was 0.232 mm.  
 
 
Figure 44: Force – Deflection diagram from three point bending test. 
 
Considering the specimens’ dimensions, distance between rods and the cross head speed the 
Force – Deflection diagram can be converted in Stress- Strain diagram by using the following 
equations: 
 







The stress strain diagram is presented in Figure 45. The maximum stress which is also the 
flexural strength of the tested material is 2.5 MPa, the maximum strain right before failure is 
0.002 and the flexural modulus of elasticity can be calculated as the slope’s gradient in the 
elastic region at 1516 MPa. As expected, there is no clear plastic deformation region due to the 
brittleness of the ceramic material and the elastic’s region dominance is obvious up until failure 
occurs. The considerably low flexural strength of the material can be explained by the existence 
of inhomogeneity in the specimen’s structure and highly interconnected porosity, created due to 
the difficulties faced during the filling template procedure. In addition the high percentage of 
binding material in the final composition results in the creation of voids after its removal from 
sintering, which in turn increases the porosity and decrease the strength.  
  
 




4.4 Hardness results 
 
Micro hardness test was also conducted using a dynamic ultra-micro hardness (DUH) method. The 
tester used in the investigation was the DUH-211S dynamic ultra-micro-hardness with a triangular 
pyramid shaped intender. Specimens that underwent drying and sintering as well as specimens with 
no prior thermal treatment were examined. Peak loads of 100mN were applied while the load rate 
remained constant at 13.324 mN/s and a hold time of 15 was applied. The force -depth diagram 
obtained by the raw data of the hardness measurements are presented in Figure 46 and Figure 47 for 
unsintered paste and sintered zeolite, respectively. As expected, the hardness value increased by 40% 
(table 12) from 0.51 GPa to 0.92 GPa indicating that solid particles have bonded successfully. 
 
 
Figure 46: Force-Depth diagram obtained by hardness test for unsintered dried paste with 30% Zeolite 










It has been proven that indirect 3d printing could be utilized for the fabrication of zeolite 
monolith structures. Sacrificial templates were designed with the help of a CAD software while 
the applications’ and 3d printers’ requirements and constrains were considered. This procedure 
allows precise control of the monolith’s geometry including its inner channel’s characteristics. 
 
Two final optimized designs were evaluated using a CFD analysis tool to determine their 
hydraulic behavior and specify their pressure drop over a range of operation conditions. The first 
design consists of 1 row of channels with a diameter of 1.4mm while the second design utilizes 2 
rows of channels with a diameter of 1mm. Design A exhibited much better performance by 
generating 70% less pressure drops than design B, so it was selected and proceeded to 
production. 
 
The STL files of the templates that were produced through CAD software were imported into a 
slicer software and supports were designed for the following printing procedure. A DLP printer 
and ABS resin were then utilized for the fabrication. Finally, the templates were placed in a 
isopropyl alcohol suspension and ultrasonic processor was used to apply soundwaves that assist 
in removing any excessive unpolymerized resin. 
 
A variety of potential paste compositions were prepared and examined to be used as filling 
material for the sacrificial templates. A zeolite powder of ZSM 5 was mixed with a sodium 
silicate solution that acts as a binder. Higher percentage of solid results in more dense final 
products. However, enough binder is also required to provide electrostatic repulsion for the 
formulation of a homogenous paste. The addition of water in the mixture decreased heavily the 
percentage of solid and binding matrix so the ceramic was unable to densify under sintering 
conditions. A good balance of zeolite powder and sodium silicate solution seems to be achieved 
at 30% solid and 70% binder. 
 
A multistep drying process is necessary to remove the moisture of the structure before it is fired. 
Poor results can appear in many forms if drying is not done correctly. Three different drying 
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cycles were performed for each sample starting with 48h at room temperature followed by 4 
hours at 60 Celsius and finally 4 hours at 120 Celsius. Then sintering took place for 4 hours 
below the melting point at 850 Celsius for the consolidation of the paste by diffusion of the 
neighbor powder particles. The monolith retained its original dimensions in a relatively sufficient 
way since cohesion of the paste was achieved and structural integrity was ensured. 
 
The flexural strength of the material was determined which can be considered a measure of the 
ultimate strength that a beam can withstand during bending. The maximum stress which is also 
the flexural strength of the tested material is 2.5 MPa, the maximum strain right before failure is 
0.002 and the flexural modulus of elasticity can be calculated as the slope’s gradient in the 
elastic region, at 1516 MPa. The considerably low flexural strength of the material can be 
possibly explained by the existence of inhomogeneity in the specimen’s structure and highly 
interconnected porosity. 
 
The sintered and unsintered material’s micro hardness was also investigated using Berkovich 
micro indentation method as an indication of brittleness and resistance to fracture. As expected, the 
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